Introduction
[2] Nd isotopes preserved in marine sediments record information about past water mass circulation, as demonstrated by studies that track the variability of North Atlantic Deep Water input into the Southern Ocean [Rutberg et al., 2000; Frank et al., 2002; Piotrowski et al., 2004 Piotrowski et al., , 2005 . The power of this isotopic system as a proxy for water mass can be attributed to (1) the $500-1000 year residence time of Nd in seawater [Elderfield and Greaves, 1982; Piepgras and Wasserburg, 1985; Jeandel et al., 1995; Tachikawa et al., 1999 Tachikawa et al., , 2003 , which is shorter than the 1500 year mixing time of the oceans [Broecker and Peng, 1982] , and (2) the dominance of dissolved and particulate continental sources of Nd to seawater that are delivered through rivers and atmospheric deposition [Goldstein and Jacobsen, 1987; Elderfield, 1988; Jeandel, 1993; Tachikawa et al., 1999] .
[3] Because the residence time of Nd is so close to the mixing time of the oceans, Nd exhibits properties of both conservative and nonconservative water mass tracers; therefore it has been referred to as a ''quasi-conservative'' tracer . The extent to which this isotopic system can be applied to address critical questions concerning (1) paleoclimatology, such as the relationship between gateway events, thermohaline circulation and global climate change, versus (2) the intensity of continental weathering and resulting atmospheric CO 2 levels [e.g., Ling et al., 1997; O'Nions et al., 1998; von Blanckenburg and Nagler, 2001; Frank, 2002; Piotrowski et al., 2005; Martin, 2004, 2006] depends on the extent of its conservative behavior.
[4] The nonconservative nature of Nd is documented by the increase in concentration along the thermohaline circulation flow path [Jeandel et al., 1995 [Jeandel et al., , 1998 Tachikawa et al., 1999 Tachikawa et al., , 2003 Lacan and Jeandel, 2001 , 2005a , 2005b , as well as the process of ''boundary exchange,'' in which Nd remobilized from lithogenic sources influences the isotopic composition, but not the Nd concentration, of water masses near the margins [Tachikawa et al., 2004; Lacan and Jeandel, 2001 , 2005a , 2005b . In contrast, the correlation between Nd isotopes and other conservative properties, such as salinity, potential temperature [Bertram and Elderfield, 1993; Jeandel et al., 1998 ] and silicate concentration [Rutberg et al., 2000; Goldstein and Hemming, 2003] highlights the conservative nature of this isotopic system; as does the lack of a Himalayan Nd isotopic signature in the Indian Ocean [Goldstein et al., 1984; Albarède and Goldstein, 1992; Albarède et al., 1997; O'Nions et al., 1998] , despite the fact that Pb isotopes vary along mixing lines suggesting input from High Himalayan gneisses and leucogranites Vlastélic et al., 2001; Frank, 2002] .
[5] Possible explanations posed for the conservative behavior of Nd isotopes in the Indian Ocean are that (1) Himalayan Nd is trapped in fan or estuarine sediments, (2) Himalayan Nd enters the surface ocean, but does not mix or sink, (3) additional radiogenic sources balance the Himalayan input, (4) the residence time of Nd is long enough to allow the signal to disperse more widely throughout the ocean, in which case it does not appear to substantially overprint the water mass signatures, or (5) the relative mass balance between Nd in the Himalayan source material and deep water minimizes the effect [Albarède et al., 1997; Frank and O'Nions, 1998; Frank, 2002; Frank et al., 2006] . Decoupling between Nd and Pb isotopes suggests that Pb enters the deep Indian Ocean through vertical cycling, while the Nd signature is largely carried in with deep water masses originating in the Southern Ocean. This supports the concept that Nd isotopic studies are useful for understanding circulation and that their application to studies of continental weathering may be limited to studies in specific source regions for water masses.
[6] Constraining the sources of non-conservative behavior of Nd isotopes is critical for the acceptance of this proxy. Therefore we developed a Nd isotopic record for Site 757, an intermediate depth site along the Ninetyeast Ridge, to determine whether a weathering signal from the Himalayas could be detected at a shallower depth. Our results suggest that the Nd isotopes for intermediate to deep water masses recorded at Site 757 are largely unaffected by weathering products from the Himalayas or the Indonesian Arc. Instead the isotopic record from this site for the past 40 Ma appears to preserve a record of the source regions of water masses bathing the site, and therefore the circulation patterns through time. This basic pattern is modified by the lateral migration and vertical subsidence history of the Ninetyeast Ridge and by variations in the composition and magnitude of Indonesian Throughflow (ITF). As a result, the record also preserves a history of ITF for the past 10 m.y.
Background

Site Information
[7] ODP Site 757B is located at 17°01 0 S, 88°10 0 E near the crest of the Ninetyeast Ridge in 1650 m of water. Drilling at this site recovered $220 m of sediment overlying $155 m of ash and tuff, which in turn overlie basalt flows [Peirce et al., 1989] . The pelagic sediment represents a relatively complete section from early Eocene through Pleistocene. This study focused on the section from 0-40 Ma, the interval represented by the rapid increase in 87 Sr/ 86 Sr, which is generally attributed to input from the Himalayan uplift [Hodell et al., 1989; Edmond, 1992; Krishnaswami et al., 1992; Palmer and Edmond, 1992; Richter et al., 1992] . The sediments for this interval are composed of a white to pale brown, bioturbated nannofossil ooze.
[8] Backtracking indicates that this site has been moving NNE with the Australian Plate. Estimates place it at approximately 30 -35°S 40 Ma and $20°S 20 Ma [Zachos et al., 1992] (Figure 1 ). The subsidence history is a bit more confusing because there are two published estimates. On the basis of water depths indicated by benthic foraminifera, Peirce et al. [1989] determined that following aerial deposition of basalts in the late Paleocene the site subsided rapidly to 1500 m by the late Eocene with the final subsidence to 1650 m occurring after the middle Miocene. In contrast, Zachos et al. [1992] derived a more traditional subsidence curve using the equation DZ = kt 1 = 2 [Sclater et al., 1971] and an assumption of a depth of 0 m for the late Paleocene. For this interpretation water depths reached 1500 m approximately10 Ma.
Age Model
[9] The initial age model for Site 757 was based on nannofossil and planktonic foraminifera datums. This model was updated by Zachos et al. [2001] and Billups and Schrag [2003] , who converted the datums to Berggren et al. [1995] and added constraints from d 18 O chemostratigraphy for the sec-tion from 30-52 Ma. This later model has been further revised for this study using Sr isotope chemostratigraphy (Table 1 ). An initial plot of the 87 Sr/ 86 Sr of foraminifera from Site 757 based on the age model from Billups and Schrag [2003] compared to the global seawater curve highlighted the presence of a condensed section or hiatus that was not defined by the biostratigraphic age model ( Figure 2 ). This plot illustrates that there are errors in the published age models for the interval from 87 -101 m. To correct for these errors without forcing each data point to fit on the seawater Sr curve, we generated a line through the data points representing 87-101 m ($16 to 24 Ma in Figure 2a ) and a line through a linear segment of the seawater curve over the interval of interest, then migrated the data line onto the seawater line ( Figure 2b ). The result was the recognition of a condensed section or a hiatus between $14.8 and 18.3 Ma. Additional sampling between 87 and 91 m would be required to precisely constrain the extent of missing or condensed section. The revised age model increases the age of the youngest samples in this section by 1.9 m.y. and the oldest samples by 4.1 m.y. This age model has been applied throughout this paper.
Modern Hydrology of the Region
[10] At 1650 m water depth, Site 757 is currently bathed in Indian Deep Water (IDW), a water mass characterized by potential temperatures between 1.25 and 4°C, a salinity maximum of $34.7-34.8, and oxygen values $4.7 ml/l [Jeandel et al., 1998; Tomczak and Godfrey, 2003 ]. This water mass ranges from 500-3800 m in the southern portion of the Indian Ocean to 2000-3800 m in the north, with a core at approximately 2400 m. There is a gradual transition between the underlying Antarctic Bottom Water (AABW) and IDW, such that some authors refer to these water masses as upper and lower deep water. These two water masses flow northward together from their source in the Southern Ocean ( Figure 1c ). The physical properties of IDW suggest it originates as North Atlantic Deep Water (NADW) that is carried into the Indian Ocean with the Antarctic Circumpolar Water (CPW) [Tomczak and Godfrey, 2003 ].
[11] Jeandel et al. [1998] determined that the e Nd value of IDW is approximately À6.1 (where e Nd represents the deviation in parts per 10 4 of the 143 Nd/ 144 Nd ratio relative to the chondritic uniform reservoir [DePaolo and Wasserburg, 1976] ). This is significantly more radiogenic than NADW or CPW, Mantyla and Reid [1995] and Frank et al. [2006] . Dashed lines indicate the shallow pathway for Indonesian Throughflow based on Gordon and Fine [1996] . All four reconstructions were created using ODSN (http://www.odsn.de).
which have values closer to À11 and À8 respectively in the South Atlantic [Jeandel, 1993] . On the basis of temperature, salinity and oxygen, IDW is believed to form by vertical mixing of waters sourced from the Southern Ocean and Indonesian Intermediate Water (IIW), the lower limb of ITF [Fieux et al., 1996] . The Nd isotopes support this interpretation given that southern sourced deep water values are $À8 ] and IIW has a value $À4 [Jeandel et al., 1998 ].
[12] ITF develops because sea level tends to be higher in the western Pacific than the eastern Indian Ocean. The resulting pressure gradient transports Pacific thermocline waters into the Indonesian archipelago, where they are mixed and modified before flowing into the Indian Ocean. The magnitude of this throughflow varies seasonally [Gordon et al., 1997] . The Indonesian region consists of a series of poorly connected deep basins that are constantly evolving as the Australian plate drifts northward and the Indonesian Island Arc develops. Today ITF occurs as a jet of low salinity water ($34.55%) centered between 10 and 14°S in the Indian Ocean and extending to $1200 m Gordon et al., 1997] . Most of the waters in the ITF are currently sourced from the relatively fresh, cool thermocline waters of the North Pacific that travel to the Indian Ocean by way of the Makassar Strait and Banda Sea [Gordon and Fine, 1996; Fieux et al., 1996; Gordon et al., 1997 Gordon et al., , 1999 .
[13] Another water mass common at intermediate depths in the Indian Ocean is Antarctic Intermediate Water (AAIW), which forms a salinity minimum centered at 1000 m. This water mass can be traced up to $10°to 18°S. Northward progress beyond that point is blocked by equatorial currents Tomczak and Godfrey, 2003 ]. There are no modern data on the Nd isotopic composition of AAIW in the Indian Ocean, but values from the Atlantic and Pacific range from À6.2 to À8.9 [Jeandel, 1993; Lacan and Jeandel, 2005a ].
History of the Indonesian Throughflow
[14] The intensity and composition of ITF waters have varied through time. Prior to the Miocene, the Tethys seaway in this region was relatively open and a strong connection existed between the Pacific and Indian Ocean basins. The record of the closure of the Tethys in the Indonesian region is complex, but a combination of geotectonic, paleobiological, and isotopic data suggest that there was progressive restriction of the seaway from the early to the late Miocene. Geotectonic reconstructions indicate that interarc spreading in the middle Miocene permitted flow through this region, but these pathways became more limiting during the middle to late Miocene [Linthout et al., 1997; Nishimura and Suparka, 1997 ] and were largely closed in the latest Miocene ($6 Ma [Nishimura and Suparka, 1997] ). Following this interval of limited flow, Nishimura and Suparka [1997] argue that the combination of local tectonics and sea level variations renewed shallow flow paths through the Indonesian Seaway in the Pliocene.
[15] These tectonic interpretations are corroborated by the presence of distinct foraminiferal assemblages in the eastern and western Pacific during the early Miocene, reflecting flow through the Indonesian Seaway and the development of a gradient in the depth of the thermocline across the Pacific [Kennett et al., 1985] . By the late Miocene, how- [Hodell and Woodruff, 1994; Farrell et al., 1995; Mead and Hodell, 1995; Martin et al., 1999] . The symbols for the foraminifera data are larger than the error bars. (a) Foraminifera 87 Sr/ 86 Sr values plotted using the original age model from Peirce et al. [1989] updated to the timescale by Berggren et al. [1995] and modified with oxygen isotope chemostratigraphy by Zachos et al. [2001] and Billups and Schrag [2003] . The foraminifera data plot below the seawater curve for the interval from 16 to 20 Ma. Outside of that interval the forams consistently plot on the seawater curve. This pattern suggests the presence of a hiatus or condensed section that was not identified by previous age models. (b) The revised age model for Site 757 based on Sr isotope chemostratigraphy for the interval originally from 16 to 20 Ma. For the revised age model a straight line was fit to the data from 16 to 20 Ma at Site 757 and migrated onto a straight-line segment of the seawater curve. The gray bar highlights the interval represented by a hiatus or condensed section. ever, similar taxa are identified in the eastern and western Pacific, suggesting development of the Equatorial Undercurrent in response to restriction of the seaway. In addition, oxygen isotopic results support the development of a warm surface water pool in the western equatorial Pacific in the late Miocene [Gasperi and Kennett, 1993] . A comparison of foram assemblages between the equatorial Indian and Pacific Oceans also found that deep dwelling planktonic assemblages began to diverge in the latest Miocene, while shallow assemblages indicated continued shallow water connections [Srinivasan and Sinha, 1998 ]. Finally, a Nd isotopic study of an Fe-Mn crust from the Tasman Sea recorded increasing influence of Pacific waters starting around 10 Ma, reflecting closure of the Indonesian Seaway and redirection of deep Pacific currents to the south [van de Flierdt et al., 2004] .
[16] In addition to variations in the intensity of the flow, Cane and Molnar [2001] argue that a change in the source waters of the ITF occurred approximately 4 Ma. Prior to this time the ITF was dominated by a warmer, saltier source from the South Pacific. Following tectonic changes $4 Ma the South Pacific flow was redirected to the south and replaced by the cooler, fresher thermocline waters from the North Pacific.
Methods
[17] Fish teeth and foraminifera were handpicked from the greater than 125 mm fraction of bulk ODP samples that were disaggregated by sonication in deionized water. The teeth were cleaned using the oxidative-reductive cleaning technique developed by Boyle [Boyle, 1981; Boyle and Keigwin, 1985; Rosenthal et al., 1997] . Foraminifera were broken open and sonicated to remove material inside the chambers. Sr and REE were separated from the fish teeth by standard column chemistry techniques using Mitsubishi resin with HCl as an eluent. Nd and Sm were later separated on a second column using Mitsubishi resin and hydroxyisobuteric acid as the eluent. Blanks for these procedures are 100 pg Sr and 10 pg Nd. Sr was extracted from samples of foraminifera using Sr Spec resin and a technique modified from Pin and Bassin [1992] . Blanks for this procedure are 150 pg Sr.
[18] Isotopic ratios were analyzed on a Micromass Sector 54 thermal ionization mass spectrometer. Nd samples were loaded on zone refined Re filaments with silica gel and analyzed as NdO + . A beam of 400-500 mV 142 Nd 16 O was monitored for 200 ratios. The value for the Ames standard run with the samples was 0.512138 ± 0.000014 (2s) (n = 40), and the value for JNdi was 0.512102 ± 0.000014 (2s) (n = 120). A subset of four samples was spiked for Nd and Sm to determine the 147 Sm/ 144 Nd value, which averaged 0.1229. This is consistent with the ratio reported for fish teeth from other studies [Thomas et al., 2003; Scher and Martin, 2004] . 87 Sr/ 86 Sr was analyzed by monitoring an 88 Sr beam of 1.5V for 200 ratios. The longterm average for NIST 987 over a period of several years is 0.710245 ± 0.000023 (2s).
Results
[19] Site 757 was sampled at a relatively coarse resolution with an average of approximately one sample every 2.5 m.y. from 40-10 Ma, and one sample every 0.7 m.y. from 10 to 0 Ma. Because of this low resolution we plan to only discuss the general trends in the data, not the details of smaller variations. Data from this site (Table 2 ) are plotted in Figure 3 . The general trends can be divided into three segments: (1) the section from 40 to 11 Ma, (2) a step function increase between 10.9 and 10.2 Ma, and (3) the final segment from 10.2 to 0.6 Ma. The first segment increases gradually from À7.5 e Nd(T) units to a maximum of À6 at 31.5 Ma followed by a return to À7.5 by 11 Ma. Values jump by 2 e Nd(T) units from À7.5 to À5.5 over the interval from 10.9 to 10.2 Ma. More data would be required to accurately define the rate and nature of this shift. In the final segment e Nd(T) values average À5.2, but vary between À4.6 and À5.8 from 10.2 to 6.1 Ma. Values start to decrease at 6.1 Ma reaching a minimum of À6.6 at 3.4 Ma. The last three data points increase to À5.7, a value that is similar to modern IDW [Jeandel et al., 1998; Frank et al., 2006 ].
Discussion
40 to 10 Ma
[20] The increasing e Nd(T) trend from 40 and 31.5 Ma at Site 757 probably reflects the introduction of radiogenic input from the Pacific, but at this time the source region appears to be the Southern Ocean rather than the Tethys region. Although the Indonesian Seaway was relatively unrestricted at this time (Figure 1a ), Site 757 was located between 35 and 30°S [Zachos et al., 1992] , placing it too far south for direct influence from ITF. In the Southern Ocean a similar pattern of increasing e Nd(T) is observed at both sites 689 and 1090 (Figure 4 ), suggesting intermediate waters at Site 757 were derived from this region and varied in response to changes in these source waters.
[21] Scher and Martin [2006] argue that increasing values at the Southern Ocean sites reflect progressive opening and deepening of Drake Passage starting at 41 Ma, or near the oldest data point for Site 757. In addition, the most radiogenic Nd isotopic values at Site 757 (32 to 29 Ma) coincide with a hiatus at Site 1090 (Figure 4 ) that has been interpreted to reflect changes in bottom current activity at Agulhas Ridge [Wildeboer Schut et al., 2002] , again, related to deepening of Drake Passage [Livermore et al., 2005; Eagles et al., 2006] . As this passage gradually opened an increasing volume of radiogenic Pacific water would have been introduced into the nascent Circumpolar Water (CPW). [23] After 31.5 Ma Nd isotopic values at sites 1090 and 757 generally decrease. This trend may correspond to an increased influx of nonradiogenic deep waters from the North Atlantic, a predicted result of circumpolar circulation according to general ocean circulation models [Mikolajewicz et al., 1993] . Alternatively the decreasing trend approaches e Nd(T) values of À8 to À9, which would be consistent with enhanced production of Southern Ocean deep waters [Piepgras and Wasserburg, 1987; Jeandel, 1993; Thomas et al., 2003; Scher and Martin, 2006] . The timing of the decreases at Sites 1090 and 757 coincides with the build up of ice on East Antarctica and cooling of high latitudes in the southern hemisphere [Zachos et al., 2001] , factors that are likely to contribute to greater production of Southern Ocean deep waters. Regardless of whether the decreasing pattern is generated by an increased flux of North Atlantic or Southern Ocean sourced waters, the shift to less radiogenic values appears to be a characteristic of CPW that is then transferred to the Indian Ocean site.
[24] The overlap in e Nd(T) data between Fe-Mn crust SS663 in the Indian Ocean and Site 1090 from 24 to 18 Ma strengthens the argument for a circulation pattern similar to today's, whereby CPW flows into the deep Indian Ocean ultimate reaching SS663 in the Central Indian basin through a gap in the Ninetyeast Ridge [Mantyla and Reid, 1995] . Today waters at progressively shallower depths in the Indian Ocean record a greater influence from shallower Indian Ocean water masses and inputs from the Pacific; thus IDW is more radiogenic than the end-member CPW. In a similar fashion, Nd isotopes at Site 757 follow the trends at Sites 1090 and SS663, but are generally slightly more radiogenic (Figure 4 ).
[25] A comparison between Nd isotopic data from Site 757 and sites in the Pacific Ocean from 40 and 10 Ma van de Flierdt et al., 2004] illustrates little similarity between records ( Figure 5 ), supporting the idea that the Pacific influence in the Indian Ocean is derived from CPW, rather than ITF at this time. One exception is the ''Nova'' crust in the equatorial Pacific, which tracks Site 757 from 30 to 20 Ma. Variations at Nova have also been attributed to increased import of Southern Ocean waters via the CPW [van de Flierdt et al., 2004] . The minor variations in Nd isotopes documented for crusts from the rest of the Pacific van de Flierdt et al., 2004] and from the North Atlantic [Burton et al., , 1999 are distinct from the variations at Site 757 for this interval, adding to the argument that the variations seen in the Southern Ocean and Site 757 reflect changes in the percentage of Pacific, North Atlantic or Southern sourced deep waters at these locations, rather than changes in end-member compositions.
[26] An additional point about the Site 757 record over this interval is that it is not consistent with a pattern of influence from Himalayan runoff or sediment remobilization from the Indonesian Arc. Variations in the isotopic compositions of (1) Sr, which has a residence time much longer than Nd, and (2) Pb, which has a residence time shorter than Nd, are believed to record Himalayan runoff and weathering of Indonesian arc material [Hodell et al., 1989; Edmond, 1992; Krishnaswami et al., 1992; Palmer and Edmond, 1992; Richter et al., 1992; Frank and O'Nions, 1998; O'Nions et al., 1998; Frank et al., 2006 ], yet the pattern of change observed at Site 757 bears no resemblance to the seawater Sr isotope curve or the Pb isotope curves for Fe-Mn crusts in the Indian Ocean [Frank et al., 2006] . (Figure 4 ) underscores the idea that Site 757 had migrated into a region dominated by ITF.
[29] For approximately 5 m.y. following the shift, the e Nd(T) values of $À5 to À5.5 recorded at Site Figure 5 . 5 and 6) . For comparison, all other values within the Indian Ocean are <À6.6 ( Figure 6 ), which may reflect depth variations between the sites. There is a general progression of increasingly radiogenic values within the Indian Ocean with distance along the flow path of deep and intermediate source waters from the Southern Ocean [Mantyla and Reid, 1995; Vlastélic et al., 2001; Frank et al., 2006] and with shallower depths. Site 757 is probably the only site shallow enough to be located in the main ITF. In contrast, DODO is $2500 m deeper and records a strong influence of CPW, similar to SS663. VA16 is $500 m deeper and appears to be largely influenced by Southern Ocean water or deeper outflow from the Indonesian Seaway at this time [Frank et al., 2006] , despite the fact that it is located closer to the seaway (Figure 1 ). In addition to depth considerations, the location of the greatest throughflow evolved with the tectonics of the region. During this interval the outflow may have been concentrated in a more westerly location and largely bypassed VA16.
[30] Beginning at $5.5 Ma the profiles for Site 757 and the Tasman crust start to diverge with e Nd(T) values at Site 757 decreasing while those at Tasman increase rapidly ( Figure 5 ). Both records can be interpreted in terms of progressive closure of the Indonesian Seaway and redirection of the Pacific waters that once flowed through the seaway toward south Pacific locations, such as Tasman Rise [van de Flierdt et al., 2004] . This timing is consistent with closure estimates based on tectonic reconstructions and foraminiferal assemblage and isotopic data. Values at VA16 also start to increase at this time (Figure 6 ), suggesting a possible redirection of the outflow in the Indian Ocean as the seaway became more restricted. Frank et al. [2006] attribute the increase at VA16 to a stronger influence from arc weathering and boundary exchange; however, the signal of ITF waters at Site 757 does not record the same effect.
[31] The final trend observed at Site 757 is an increase starting 3.4 Ma that ends with IDW-type values [Jeandel et al., 1998 ] for the past $1 m.y. This increase may represent renewed ITF at this time, consistent with tectonic interpretations of opening of the Sunda and Makassar Straits [Nishimura and Suparka, 1997] . Alternatively, the increase could reflect a change in the composition of the waters flowing through the seaway. As in the Indian Ocean, e Nd(T) values in the Pacific tend in become more radiogenic with distance from the Southern Ocean and in shallower water [Staudigel et al., 1985; Piepgras and Jacobsen, 1988] (Figure 5 ). This implies that waters sourced from the North Pacific are likely to be more radiogenic than those sourced from the South Pacific. The timing of the final increase at Site 757 coincides with a proposed switch from Southern to Northern Pacific source waters flowing through the Indonesian Seaway. Prior to 3 to 4 Ma the waters entering the seaway were warmer, saltier waters derived from the South Pacific. Around 3 to 4 Ma the Indonesian Archipelago, particularly in the region of Halmahera, evolved to the extent that it blocked the southern pathway and the current configuration was established with colder, fresher waters entering the seaway from the North Pacific [Cane and Molnar, 2001; Gordon and Fine, 1996] . Modern isotopic measurements from the thermocline depths that source the ITF in the Pacific are rare, but data from Piepgras and Wasserburg [1982] and Piepgras and Jacobsen [1988] suggest that a difference of $1 e Nd unit between the North and South Pacific is realistic.
Conclusions
[32] Secular variations in Nd isotopes preserved in fossil fish teeth at Site 757 on the Ninetyeast Ridge record the subsidence and backtracking history of this site, as well as variations in Southern Ocean and ITF source waters. From 40 to 10 Ma the waters at this site were dominated by intermediate to deep waters derived from the Southern Ocean. Although a true Antarctic Circumpolar Current did not exist throughout this entire interval, variations observed at Site 757 closely mimic those from the Cape Basin in terms of both the absolute value and the pattern of change. This implies that intermediate and deep waters were flowing from the Atlantic sector of the Southern Ocean into the Indian sector and then into the Indian Ocean, much as they do today. The correlation with deep rather than intermediate depth sites from the Atlantic sector of the Southern Ocean implies that the intermediate Indian Ocean waters were derived from a deep water mass similar to the modern CPW. A lack of correlation with the seawater Sr curve or Pb isotope records of Himalayan and Indonesian Arc influences in the Indian Ocean supports the idea that Nd isotopes in this basin did not respond to weathering inputs from the Himalayas or boundary exchange with volcanic material from the Indonesian region.
[33] Between 10.9 and 10.2 Ma Site 757 migrated far enough north to lie within the path of ITF. On the basis of backtracking estimates, this suggests that ITF extended as far south as $20°and to a depth of $1500 m at this time. From 10.2 Ma on the history of this site reflects the history of the ITF. The correlation between e Nd(T) values at Site 757 and the Tasman crust indicates that the ITF was dominated by water from the South Pacific region and that the ITF composition was not significantly altered either during its transit through the Indonesian Seaway or by mixing in the Indian Ocean. The difference between Site 757 and crust VA16 during this interval also suggests a more northern flow path through the seaway than is observed today. The magnitude of the outflow, and therefore the extent of mixing with Indian Ocean waters, appears to be relatively constant until 5.5 Ma when it started to decrease, suggesting progressive closure of the Indonesian gateway. An increase in e Nd(T) values starting at 3.5 Ma is consistent with either enhanced flow through the seaway, associated with the tectonic evolution of the region or a transition from ITF waters derived from the South Pacific to waters derived from the North Pacific.
